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Actin-dependent membrane association of a Drosophila
epithelial APC protein and its effect on junctional Armadillo
Fiona M. Townsley and Mariann Bienz
Background: The adenomatous polyposis coli (APC) protein is an important
tumour suppressor in the colon. It promotes the destabilisation of free
cytoplasmic β-catenin (the vertebrate homologue of the Drosophila protein
Armadillo), a critical effector of the Wnt signalling pathway. The β-catenin
protein is also a component of adherens junctions, linking these to the actin
cytoskeleton. In Drosophila epithelial cells, the ubiquitous form of APC, known
as E-APC, is associated with adherens junctions. This association appears to
be necessary for E-APC to function in destabilising Armadillo.
Results: Using actin-depolymerising drugs, we established that an intact actin
cytoskeleton is required for the association of E-APC with adherens junctions in
the Drosophila embryo. From an analysis of profilin mutants, whose actin
cytoskeleton is disrupted, we found that E-APC also requires actin filaments to
associate with adhesive cell membranes in the ovary. Notably, conditions that
delocalised E-APC from membranes, including a mutation in E-APC itself,
caused partial detachment of Armadillo from adhesive membranes.
Conclusions: Actin filaments are continuously required for E-APC to be
associated with junctional membranes. These filaments may serve as tracks for
E-APC to reach the adherens junctions. The failure of E-APC to do so appears
to affect the integrity of junctional complexes.
Background
The adenomatous polyposis coli (APC) protein is an impor-
tant tumour suppressor in the human colon [1]. Carboxy-
terminal truncations of the APC protein account for a high
percentage of sporadic and hereditary colon cancers [2]. In
APC mutant colon cancer cells, free cytoplasmic β-catenin
accumulates to high levels and associates with transcription
factors of the T-cell factor (TCF) family in the nucleus to
activate gene expression [3,4]. Reintroduction of full-length
APC into APC mutant cancer cells downregulates the high
β-catenin levels [5]. This ability of APC to downregulate
β-catenin maps to a central domain within APC that is com-
monly deleted in cancer cells [2]. Thus, APC’s ability to
destabilise free β-catenin is thought to be a critical aspect of
its tumour suppressor function. APC also functions to desta-
bilise β-catenin during normal development. The fruit fly
Drosophila has two APC genes, one encodes the ubiquitous
E-APC (also known as dAPC2) [6,7] and the other is mainly
expressed in neuronal cells [8]. Both Drosophila APCs can
complement the function of human APC and will desta-
bilise β-catenin when introduced into APC mutant cancer
cells [8,9]. Moreover, Drosophila APCs function in various
embryonic and larval tissues to antagonise Armadillo, the
Drosophila homologue of β-catenin [7,10,11]. 
How APC destabilises β-catenin/Armadillo is unknown.
This process is mediated by a multi-protein complex
containing APC as well as Axin/Conductin and glycogen
synthase kinase-3 (GSK-3) [12–14]. In this complex, Axin
functions as a scaffold protein to facilitate phosphorylation
of β-catenin by GSK-3 [15]. Phosphorylation causes
β-catenin/Armadillo to be recognised by the SCF ubiqui-
tin ligase complex, which targets it for subsequent degra-
dation by the proteasome pathway [16]. Overexpression of
Axin is sufficient to downregulate soluble β-catenin in
APC mutant cancer cells, thus bypassing the function of
APC [12,13]. This indicates a regulatory role of APC in the
process of β-catenin destabilisation. It has been suggested
that APC may somehow derepress Axin, stimulating its
activity in the β-catenin-destabilising complex [13].
A spatial regulatory role of APC in shuttling β-catenin
between the free cytoplasmic and the junctional pool has
been suggested [17]. This alternative suggestion comes
from the finding that E-APC is associated with adherens
junctions of Drosophila epithelial cells, but is also seen in
the cytoplasm and nucleus. Furthermore, there is evidence
that the junctional association of E-APC is important for its
function in destabilising Armadillo [7,11]. The shuttling
model envisages that APC gathers β-catenin in the cyto-
plasm and nucleus and delivers it at the apical junctional
zones of epithelial cells, either to cadherin for incorpora-
tion into junctional complexes (of which β-catenin is an
essential component [18]) or to the Axin complex, which
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may be anchored in these zones to be earmarked for
destruction [17]. One aspect of this model is that APC
may use pre-existing tracks, for example, actin filaments
or microtubules, to shuttle from the nucleus and cyto-
plasm to the junctional compartments of epithelial cells.
Human APC can associate with microtubules through a
carboxy-terminal microtubule-binding domain [19,20].
Furthermore, APC is clustered at the plus-ends of micro-
tubules in membrane extensions of migrating mammalian
cells [21]. Indeed, Xenopus APC has been shown to track
along microtubules to peripheral sites in migrating
Xenopus cells [22]. 
The carboxy-terminal microtubule-binding domain of ver-
tebrate APCs is not conserved in E-APC, and there is little
evidence in Drosophila tissues for colocalisation of E-APC
and microtubules [6]. Nevertheless, many of the subcellu-
lar compartments in which E-APC is found contain sub-
stantial amounts of actin filaments, for example, the
cortical actin caps in the early embryo, the junctional com-
partments in epithelial cells and the budding denticles in
the larval epidermis [7,11]. This raises the question of
whether the actin cytoskeleton is required for the subcellu-
lar distribution of E-APC. Here, we used actin-depoly-
merising drugs to establish that this is indeed the case.
Furthermore, we found that E-APC is associated with actin
fibres and actin-rich adhesive cell membranes in Drosophila
ovaries. We also used profilin mutants, whose actin
cytoskeleton is disrupted [23], to show that these associa-
tions depend on an intact actin cytoskeleton. Finally, we
found that conditions that delocalise E-APC from junctional
membranes, including a mild mutation of E-APC [7], cause
detachment of Armadillo from the junctions. 
Results
The subcellular distribution of E-APC in embryonic and
larval cells has been analysed extensively by antibody
staining and confocal microscopy [6,7,11]. In brief, in the
early blastoderm embryo, E-APC is initially concentrated
in the actin caps, cortical condensations of unknown func-
tion that contain microvillar structures enriched with
membrane-associated proteins [24]. As cellularisation pro-
ceeds and adhesive junctions are assembled in the apico-
lateral regions of the forming cells, the cortical caps
disperse, and E-APC begins to concentrate in the apicolat-
eral zones (Figure 1a,c,d,f,m,o,p,r). These zones eventu-
ally contain consolidated adherens junctions composed of
the homophilic adhesion molecule E-cadherin and the
catenins that link E-cadherin to the actin cytoskeleton
[25]. They can be visualised by staining with an antibody
against Armadillo (Figure 1n,q) or by phalloidin staining
(Figure 1b,e). E-APC remains associated with apicolateral
adherens junctions in all primary epithelia throughout
embryonic and larval development, but there is also abun-
dant cytoplasmic and some nuclear staining in all cells. We
asked whether any cytoskeletal elements are required for
E-APC to be concentrated in the junctional zones.
Actin filaments are required for the association of E-APC
with adherens junctions in the embryo
Drosophila embryos were permeabilised and exposed to
cytochalasin D for 30 minutes before fixation, as described
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Figure 1
Cytochalasin D delocalises E-APC from
adherens junctions in the embryo. Confocal
sections through 2–3 h old embryos that were
(g–l, s–x) treated or (a–f, m–r) not treated
with cytochalasin D, and stained as indicated
above the panels; Arm, Armadillo.
(a–c, g–i, m–o, s–u) Face-on views, sectioned
0.1 µm below the surface of the embryo;
(d–f, j–l, p–r, v–x) side views. In the merged
images in this figure and in Figures 2–5
and 7, E-APC staining is green, and other
stainings are red. Arrowheads in (e) point to
phalloidin staining associated with adherens
junctions. (b,e,h,k) Short exposure to
cytochalasin D depolymerised actin filaments,
but (q,w) barely affected junctional Armadillo
(arrowheads). (a,d,g,j,m,p,s,v) Junctional
E-APC (arrowheads in panels d,p) was
completely delocalised after treatment with
cytochalasin D.
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previously [26] (see Materials and methods). Staining of
these embryos with phalloidin confirmed that the actin fil-
aments were disrupted by this treatment (Figure 1h,i,k,l).
Staining of the same embryos with an antibody against
E-APC revealed that the subcellular distribution of
E-APC was drastically altered (Figure 1g,s). E-APC was
completely delocalised from the apicolateral adhesive
zones (Figure 1j,v) even though residual actin filaments
remained associated with these zones. E-APC was also lost
from the actin caps in the early blastoderm embryos (data
not shown), which was not surprising given that these caps
are no longer detectable in cytochalasin-treated embryos
[24,27]. We also stained the drug-treated embryos with an
antibody against Armadillo, to examine the integrity of the
adherens junctions. Armadillo staining was largely unaf-
fected by this treatment as we observed uninterrupted
staining of the cellular junctions (Figure 1t,u). There
seemed to be some spreading of the staining towards basal
in the lateral membranes, but the protein remained con-
centrated in their apicalmost regions, which contain the
adherens junctions (Figure 1w,x). 
We also used the drug latrunculin A, whose disruptive
effect on actin filaments is through a different mode of
action. While cytochalasin D depolymerises actin fil-
aments by capping their barbed ends and inhibiting the
association and dissociation of subunits at this end, latrun-
culin A binds to actin monomers and, thus, renders them
incompetent for filament assembly [28]. Exposure of
embryos to latrunculin A led to diffuse phalloidin staining
throughout the cells, and completely eliminated the sharp
outlines of the junctional zones between cells (Figure 2h,i;
compare with Figure 2b,c). As was also seen after cytocha-
lasin D treatment, E-APC was completely delocalised
from these zones (Figure 2g,j; compare with Figure 2a,d),
and there was diffuse E-APC staining throughout the cells
of the embryos treated with latrunculin A. Again, the junc-
tional Armadillo staining was only slightly affected in
these embryos (Figure 2k,l; compare with Figure 2e,f).
We noted, however, that longer drug treatments (for 60
instead of 30 minutes) resulted in significant disruptions
of the junctional Armadillo staining (data not shown; see
below). As both actin-depolymerising drugs had the same
effects on E-APC staining, this indicates strongly that the
association of E-APC with the junctional zones requires an
intact actin cytoskeleton. 
Given that vertebrate APC uses microtubules to shuttle to
peripheral sites within mammalian cells, we asked whether
disrupting microtubules would affect the junctional associ-
ation of E-APC in Drosophila cells. Short exposure of
Drosophila embryos to colchicine leads to depolymerisa-
tion of their microtubules [26]. We therefore incubated
embryos with colchicine for 30 minutes, and monitored
the effects of the drug by staining the embryos with an
antibody against tubulin. This revealed a clear change of
the microtubular staining pattern in that the regular apical
rings (Figure 3b,c) were no longer apparent (Figure 3e,f).
In some cells, individual vertical rods appeared (Figure 3k,
compare with Figure 3h). As previously described [27],
there was also a marked effect on the overall pattern of
actin caps in the blastoderm embryo; the caps were in dis-
array and some disappeared altogether. Nevertheless,
E-APC association with these caps remained normal (data
not shown). After cellularisation, the subcellular distribu-
tion of E-APC in the embryonic epidermis (Figure 3d,f,j,l)
was indistinguishable from that of control embryos
(Figure 3a,c,g,i). In particular, the junctional association of
E-APC was normal (Figure 3g,j). Thus, it appears that the
microtubule cytoskeleton is dispensable for the junctional
association of E-APC. 
E-APC is associated with actin-rich structures in the ovary
We wanted to obtain genetic evidence to support our con-
clusion that the actin cytoskeleton is required for the junc-
tional association of E-APC. Mutations that affect the actin
cytoskeleton often show maternal effects, which are best
studied in the ovary [29]. We therefore examined the
normal subcellular distribution of E-APC in the ovary. This
tissue essentially contains two cell types, the germ cells
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Figure 2
Latrunculin A delocalises E-APC from
adherens junctions. Face-on views of ~4 h old
embryos (sectioned below the surface), that
were (a–f) not treated or (g–l) treated with
latrunculin A, and stained as indicated above
the panels. (b) The phalloidin staining at
adherens junctions in the untreated embryo
formed a sharp lattice. (h) This was
obliterated by latrunculin A treatment
(resulting in diffuse phalloidin staining).
(e,k) Short exposure to this drug did not
significantly affect the lattices of junctional
Armadillo, but (a,d,g,j) delocalised E-APC
from these lattices. Current Biology   
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(one oocyte, marked by an asterisk in Figure 4a–c, and its
15 sibling nurse cells per egg chamber; seven of these can
be seen in Figure 4a–c) and the enveloping somatic follicle
cells [30]. The germ cells adhere to each other tightly along
their entire surfaces, presumably through the diffuse
patches of electron-dense material that can be observed
intermittently throughout their adhering plasma mem-
branes. These membranes can be stained along their entire
surfaces with antibodies against E-cadherin [31,32] and
Armadillo [30] (see below). The germ cells are intercon-
nected with each other by cytoplasmic bridges known as
ring canals (RC in Figures 4d–i and 5a–c; see also below),
highly organised actin-rich structures from which actin
filaments radiate out into the cytoplasm [33,34]
(Figure 4e,f,h,i). The somatic follicle cells form a secondary
epithelium that adheres to the subjacent germ cells [25]. 
Staining of dissected ovaries with phalloidin and with an
antibody against E-APC revealed high levels of E-APC in
both somatic and germ cells (Figure 4a,c). In the follicle
cells, E-APC appeared somewhat concentrated in apical
regions (the surface facing the germ cells; Figure 4a), but
also extended along the whole lateral surfaces and was
concentrated again in the basolateral regions (the outward-
facing surface). We have not characterised the subcellular
distribution of E-APC in the follicular epithelium any
further as its junctional organisation has not been studied
in great detail [25,30].
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Figure 3
Colchicine does not affect the subcellular distribution of E-APC.
Confocal sections through 2–3 h old embryos that were (a–c, g–i) not
treated or (d–f, j–l) treated with colchicine, and stained as indicated
above the panels. (a–f) Face-on views (sectioned 0.1 µm below the
surface of the embryo); (g–l) side views. (g,j) The association of E-APC
with adherens junctions (arrowheads) was unaffected by colchicine,
but (c,f) the apical tubulin rings (arrows in panel c) were obliterated by
the drug treatment. (k) Note also the vertical tubulin rods (arrows) that
appeared after drug treatment.
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Figure 4
Subcellular distribution of E-APC in the wild-type ovary. (a–c) Confocal
sagittal section through a stage 8 egg chamber, stained as indicated
above the panels. Seven nurse cells and the oocyte (asterisks) as well
as the surrounding follicular epithelium are visible. E-APC staining
traced the germ-cell membranes (stained with phalloidin, arrowheads),
and was also seen in the cytoplasm but barely in the nuclei (‘black
holes’). (d–i) High-magnification views of germ-cell membrane
interfaces from stage 9 egg chambers, lined with E-APC and phalloidin
staining (arrowheads). These interfaces were only interrupted by ring
canals (RC) shown in (d–f) cross section or (g–i) grazed tangentially
(after zooming in). Note the fibrous E-APC staining coinciding with
phalloidin-stained actin filaments radiating from the ring canals and from
cell vertices (arrows). (j–l) Actin bundles in nurse cells from a late stage
10 egg chamber, coinciding with E-APC staining (arrows). The
magnification was approximately the same as in (g–i).
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In the nurse cells, E-APC staining prominently decorated
plasma membranes along their entire length (Figure 4a,d).
Phalloidin staining revealed a considerable concentration of
actin filaments along these membranes (Figure 4b,e). Actin
fibres could be seen radiating from the ring canals and from
the vertices between nurse cells (Figure 4e,h). Interest-
ingly, we found high concentrations of E-APC associated
peripherally with the ring canals, which appeared halo-like
in cross section (not shown), one of which is grazed tangen-
tially in Figure 4g–i. These E-APC halos seemed to coin-
cide with the subcortical regions of the ring canals that
contain high densities of protruding microvilli [34]. Intrigu-
ingly, we often observed fibrous E-APC staining coinciding
with the actin fibres radiating from ring canals and cellular
vertices (Figure 4d,g). E-APC staining also coincided with
actin bundles that appeared in late stage 10 egg chambers
(Figure 4j–l). Finally, we saw moderate levels of E-APC
staining throughout the cytoplasm of the nurse cells, but
little in the nuclei, which thus appeared as ‘black holes’ in
our images (Figure 4a,c). Oocytes contained very little
cytoplasmic E-APC, especially at later stages. 
E-APC is delocalised from adhesive membranes in profilin
mutants
The Drosophila chic gene encodes Profilin, and mutations
in this gene lead to severe disruptions of the actin
cytoskeleton [23]. Homozygous females carrying the
chic1320 allele are viable, but are sterile because of mild
defects in actin-dependent processes in their ovaries.
More severe defects are observed in ovaries of trans-
heterozygous chic1320/chic221 females [35,36]. We thus
stained ovaries from these transheterozygotes (referred to
here as chic mutant ovaries) to determine whether loss of
the chic gene affects the subcellular distribution of E-APC.
We confirmed that the actin cytoskeleton was disrupted
in the nurse cells of chic mutant ovaries by staining with
phalloidin (compare Figure 5e with Figure 5b), but the
ring canals appeared largely resistant to the loss of Profilin.
Furthermore, E-APC was substantially delocalised from
the plasma membranes of the nurse cells and from their
ring canals (Figure 5d,f; compare with Figure 5a,c). Also,
we never observed E-APC fibres in the mutant nurse
cells. Instead, these cells showed increased levels of cyto-
plasmic E-APC staining. This indicates that the actin
cytoskeleton is required for the association of E-APC with
adhesive membranes of the nurse cells.
Although loss of Profilin induces microtubule bundling
and subsequent cytoplasmic streaming in the oocyte, this
condition does not significantly affect the microtubules in
the nurse cells [36]. It is therefore unlikely that the strong
effects of Profilin loss on the subcellular distribution of
E-APC in these cells are attributable to a secondary effect
on microtubular organisation. To confirm this, we fed
colchicine to female flies and examined the E-APC staining
pattern in ovaries dissected from these females. The
tubulin staining pattern in these ovaries was completely
disrupted by the drug (Figure 5k; compare with Figure 5h)
but the E-APC staining pattern was essentially normal
(Figure 5j,l; compare with Figure 5g,i). Therefore, as in
the embryo, microtubules appear to be largely dispensable
for the subcellular localisation of E-APC.
Delocalisation of E-APC causes membrane detachment of
Armadillo and mild cell-shape defects in the ovary
We also stained chic mutant ovaries with an antibody against
Armadillo, to examine their junctional integrity. To our sur-
prise, we found many gaps of Armadillo staining along the
plasma membrane surfaces whereas the only staining gaps
in the wild type were due to the ring canals (Figure 6b).
This effect on Armadillo staining was somewhat variable,
presumably because of incomplete penetrance of the
chic mutant effects, some ovaries being worse affected
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Figure 5
Effects of cytoskeletal disruptions on
membrane-associated E-APC in nurse cells.
Confocal sections through stage 8 egg
chambers from (a–c) wild-type flies or
(d–f) a profilin mutant, or from flies that were
(j–l) treated or (g–i) not treated with
colchicine, and stained as indicated above the
panels. E-APC and phalloidin staining lined
the nurse-cell interfaces in (a,b,g) the wild
type (arrowheads), but not in (d) the profilin
mutant. (d,e) E-APC staining was also
delocalised from the ring canals (RC) in the
mutants, but the structural actin filaments
within these canals appeared unaffected.
(k) Colchicine obliterated tubulin staining
associated with nurse-cell membranes, but
(j) did not visibly affect membrane-associated
E-APC (arrowhead). 
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(Figure 6d–f), others being more normal (Figure 6g–i). Typ-
ically, the remaining membranous Armadillo staining coin-
cided with patches of residual membranous E-APC staining.
This suggested that the effect of the loss of Profilin on
Armadillo may be due to its delocalising effect on E-APC.
To test this, we stained ovaries derived from homozygous
females carrying a weak E-APC mutation (∆S) [7]. Rare
escaper flies can be obtained from ∆S homozygous parents
(see Materials and methods); however, a large proportion
of their offspring die as embryos with severe cuticle
defects that mimic ectopic Wingless stimulation. Signifi-
cantly, these embryos show low levels of mutant E-APC,
which is no longer associated with apicolateral adhesive
zones of epithelial cells [7] (see below). As expected from
this, the mutant E-APC was also completely delocalised
from the adhesive nurse-cell membranes in ovaries from
homozygous ∆S females (Figures 6j,m and 7d,g). Interest-
ingly, we often observed clear gaps of Armadillo staining
in the nurse-cell membranes of ∆S mutant egg chambers
(Figure 6k,n). As in the chic mutants, the occurrence of
these gaps was variable, probably reflecting the weak
nature of the ∆S allele. Again, the gaps of Armadillo stain-
ing tended to coincide with membrane regions from which
all membranous E-APC staining was lost (Figure 6j,m,l,o).
This detachment of Armadillo from the nurse-cell mem-
branes suggests that the junctional complexes in these
membranes are affected by the E-APC mutation. Perhaps
as a secondary consequence of this effect on junctional
Armadillo, we occasionally observed slight disruptions in
the membrane-associated phalloidin staining of ∆S mutant
ovaries. On the whole, however, the phalloidin staining
was fairly normal in these mutants (Figure 7e; compare
with Figure 7b). 
Interestingly, we often observed slightly misshaped ∆S
mutant egg chambers and irregularities in their nurse-cell
arrays, particularly at the anterior ends (Figure 7g-i;
compare with Figure 4a–c). These ends appeared some-
what elongated and, occasionally, squashed. In an attempt
to quantify these subtle phenotypic effects, we counted
the number of nurse cells visible in the sagittal plane of
stage 8 wild-type and ∆S mutant egg chambers (50 egg
chambers each). This analysis revealed that the average
number of nurse cells in this plane was consistently
higher in the mutant compared with the wild type
(Figure 7j). The abnormally high cell counts in the
mutant egg chambers must reflect the misarrays of these
cells as the absolute numbers of nurse cells were normal.
Finally, in rare ∆S mutant egg chambers, we observed a
slightly misplaced oocyte. These subtle phenotypic effects
of the ∆S mutation are reminiscent of the phenotypes
caused by loss of Armadillo or Cadherin, which reflect a
failure in cellular adhesion [30–32]. They suggest that the
adhesive properties of the germ cells may be affected in
the ∆S mutant ovaries.
Junctional delocalisation of E-APC causes detachment of
Armadillo from adherens junctions in the embryo
As mentioned above, E-APC was delocalised from the
apicolateral adherens junctions in embryos from ∆S
homozygous mothers (Figure 8d compare with Figure 8a).
We also noticed, however, that these mutant embryos
showed patches in which the regular lattices of junctional
1344 Current Biology Vol 10 No 21
Figure 6
Delocalisation of E-APC from junctional membranes causes
detachment of junctional Armadillo. Confocal sections through stage
6–8 egg chambers from (a–c) wild-type flies, or (d–i) profilin or
(j–o) E-APC mutants, stained as indicated above the panels. The
merged images show E-APC staining in red, and Armadillo staining in
green. Representative examples of egg chambers that were
(d–f,j–l) strongly or (g–i,m–o) weakly affected are shown. In the wild
type, the only interruptions of membranous staining were due to ring
canals (arrowhead in panel b). Both types of mutants showed many
gaps of membranous E-APC and Armadillo staining (open triangles
in panels j,k,m and n); arrows point to membrane regions with
(d,g) residual E-APC that also retained (e,h) Armadillo.
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Armadillo staining were disrupted. Side views of the
affected areas showed a detachment of Armadillo from the
apicolateral adherens junctions (Figure 8e,f; compare with
Figure 8b,c). As in the ovaries, the effects of the ∆S muta-
tion on the junctional Armadillo in embryos were patchy
and subtle. Nevertheless, they suggest that the failure of
E-APC to be associated with adherens junctions may
affect their integrity. 
APC proteins contain highly conserved nuclear export
signals that allow them to exit efficiently from nuclei
[37]. This was demonstrated by treating embryos with
leptomycin B (LMB), a highly specific drug that inhibits
nuclear export of proteins by binding directly to the
nuclear export receptor CRM1 [38]. We noticed during
these studies that treatment of embryos with LMB for
30 minutes subtly affected the junctional localisation of
E-APC. These effects became more pronounced after an
hour’s drug treatment. The most affected areas were the
head regions of extended germ-band embryos, in which
we observed frequent gaps in the regular lattices of junc-
tional E-APC staining (Figure 8j, compare with
Figure 8g). Most probably, this depletion of junctional
E-APC is an indirect consequence of the nuclear trap-
ping of E-APC that results from LMB treatment ([37];
Figure 8j,l). 
Interestingly, LMB treatment also caused detachment of
Armadillo from the adherens junctions of extended germ-
band embryos (Figure 8k; compare with Figure 8h). Fur-
thermore, we noted that many epithelial cells of the
LMB-treated embryos showed a rounded appearance
(Figure 8l; compare with Figure 8i; see also Figure 1e,f in
[37]), suggesting that their adhesive properties are affected.
Once again, junctional delocalisation of E-APC correlates
with junctional detachment of Armadillo. 
Discussion
Actin filaments mediate junctional association of E-APC
We have found that Drosophila E-APC is associated with
adhesive cell membranes in the ovary. This parallels earlier
findings that this protein is concentrated in adhesive
zones of embryonic epithelial cells [6,7,11]. These sites of
E-APC concentration are enriched in actin filaments, and
we have shown that intact actin filaments are required for
E-APC to be associated with these peripheral sites. 
This raises the possibility that E-APC may be anchored at
these sites by direct binding to their resident actin fila-
ments. However, the membrane-associated E-APC and
phalloidin stainings hardly ever colocalised precisely. Fur-
thermore, there were instances (for example, in embryos
treated with cytochalasin D) where there was complete
delocalisation of junctional E-APC despite considerable
phalloidin remaining associated with the junctional zones.
This argues against a direct actin-mediated anchoring
model but leaves open the possibility of indirect anchoring:
actin filaments may form discrete subcellular compartments
in the junctional zones, for example, some sort of ‘cages’, in
which E-APC could be concentrated. Nevertheless, neither
a direct nor indirect anchoring model explains the remote
effects of LMB on the membrane periphery of treated cells. 
We therefore favour an alternative explanation that envis-
ages a role for actin filaments in serving as tracks along
which E-APC could shuttle to adhesive membranes [17].
This is suggested by the striking observation that some of
the E-APC staining in the ovary coincided with actin
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Figure 7
Effects of the E-APC mutation in the ovary.
(a–i) Confocal sagittal sections through
(a–c) wild-type and (d–i) E-APC mutant egg
chambers at stage 8, stained as indicated
above the panels. E-APC and phalloidin
staining lined the nurse-cell interfaces in the
wild type (arrowheads) but E-APC is
delocalised from these in the mutant.
(g–i) Low-magnification view; note the 10
nurse cells that are visible in the mutant egg
chamber, and the slight irregularities of the
shapes and relative positions of the nurse
cells at the anterior end (bottom right corner;
compare with Figure 4a–c). (j) Numbers of
egg chambers showing a given nurse-cell
count per sagittal section; light grey, wild
type; dark grey, E-APC mutants. The higher
numbers of nurse cells per section in the
mutants reflect misshaping and irregularities
of nurse-cell arrays, but the total number of
nurse cells was always 15, as in the wild type. Current Biology   
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filaments and bundles. By analogy with Xenopus APC,
which tracks along microtubules to peripheral sites within
cells [22], E-APC may track along actin filaments to
adherens junctions and to adhesive membranes in the ovary
with which these filaments connect. The nuclear export
function of E-APC [37] is further support for the suggested
movement of E-APC around the cell [17]. Finally, the shut-
tling model readily explains the remote effects of LMB
outside the nucleus on the junctional association of E-APC. 
Differences between Drosophila and vertebrate APC in
their interactions with the cytoskeleton
Our discovery of a link between Drosophila E-APC and the
actin cytoskeleton contrasts with the work in vertebrate
cells, which uncovered a link between APC and micro-
tubules [21,22]. This may be explained as follows. Firstly,
there may be genuine differences between APC proteins
in their ability to utilise cytoskeletal elements. Notably,
the carboxy-terminal third of human APC, which spans
the microtubule-binding domain [20] (but, however, does
not mediate tracking), is conserved in other vertebrate
APCs, and is also found in the neuronal Drosophila APC
[8], but is absent in E-APC [7,11]. It is not known
whether the neuronal Drosophila APC binds to or co-
localises with microtubules. 
Secondly, the ability of vertebrate APC to utilise the actin
cytoskeleton for its subcellular localisation may have been
missed so far. This could be because, in the vertebrate
studies, cytochalasin D was used and its actin-depolym-
erising effect is much weaker than that of latrunculin A
[28]. Indeed, we have noticed a significant effect of latrun-
culin A on the subcellular distribution of human APC in
transfected mammalian cells (R. Rosin-Arbesfeld, G. Ihrke
and M.B., in preparation). Also, Näthke et al. [21], who
used cytochalasin D in their studies, did not rule out a
subtle effect of this drug on the subcellular distribution of
APC in mammalian cells. 
Finally, and perhaps most importantly, the cells in which
the various APC proteins have been studied are substan-
tially different from each other. The vertebrate work was
carried out in migrating tissue culture cells [21,22]
whereas the Drosophila work focused on stationary cells
that adhere tightly to one another within tissues, and that
do not exhibit any obvious migratory behaviour. And
although human and mouse APC are associated with cell
membranes in the intestinal epithelium [21,39], the
requirement for this association is not known. We have
recently discovered, using a polarised tissue-culture cell
model, that human APC associates in an actin-dependent
way with the apical cell membrane compartment (R. Rosin-
Arbesfeld, G. Ihrke and M.B., in preparation). Perhaps the
mechanism mediating the fast transport of APC to, and
the transient association with, distal sites in migrating cells
is fundamentally different from the mechanism mediating
its stable association with junctional membrane compart-
ments in tissue. Microtubules may be more suitable for
the former, actin filaments for the latter. 
Functional consequences of delocalising junctional E-APC 
In the embryo, the ability of E-APC to associate with
junctional compartments appears to be critical for the
destabilisation of Armadillo [7,11], perhaps because the
Armadillo-destabilising Axin complex is localised in these
apical compartments [40]. The failure of E-APC to reach
the Axin complex would explain the observed embryonic
phenotypes that mimic stabilisation of Armadillo [7,11];
according to the shuttling model [17], this would result in
a failure of E-APC to deliver Armadillo to this complex,
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Figure 8
Detachment of Armadillo from adhesive junctions in the E-APC mutant
and LMB-treated embryos. (a–f) Side views of 2–3 h old embryos from
(a–c) wild-type and (d–f) E-APC mutant mothers, stained as indicated
above the panels (the merged images show E-APC staining in red, and
Armadillo staining in green). (a,b) Arrowheads point to junctional E-APC
and Armadillo in the wild type. (d) The E-APC mutant showed little
junctional E-APC, and (e) considerable detachment of junctional
Armadillo (open triangles). (g–l) Face-on views of ~5 h old embryos
(sectioned below the surface) that were (g–i) not treated, or (j–l) treated
for 1 h with LMB, and stained as indicated above the panels. (j,k) Note
the gaps in the regular apical lattices of junctional E-APC and Armadillo
(open triangles). The cells at the right-hand bottom corner in (j,l) were
sectioned at a lower plane of focus and thus show the nuclear
accumulation of E-APC resulting from the drug treatment.
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and consequently in a failure of Armadillo to be ear-
marked by this complex for degradation. Ultimately, sta-
bilised Armadillo would translocate into the nucleus and
alter the transcription of TCF target genes.
Our work provides evidence that the failure of E-APC to
associate with membranes may not only elicit an indirect
nuclear response, but may also directly affect the junctional
integrity of these membranes. We have found that the
delocalisation of junctional E-APC correlates with detach-
ment of junctional Armadillo in three different situations:
in chic mutant ovaries, in LMB-treated embryos and, most
importantly, in E-APC mutant ovaries and embryos. Fur-
thermore, we previously observed a mild effect on junc-
tional Armadillo in embryos in which E-APC was depleted
by RNA interference [11]. These observations indicate that
the failure of E-APC to associate with junctional compart-
ments may affect the junctional integrity. Ultimately, this
would also affect the associated actin filaments, an expecta-
tion that is borne out by the observations in the E-APC
mutants. In any case, the loss of Armadillo and actin fila-
ments from cellular junctions appears to be a consequence
of the failure of E-APC to associate with, or to reach, these
junctions. This is consistent with the shuttling model,
which ascribes a function to APC in shuttling Armadillo
from the cytoplasmic to the junctional compartment, for
incorporation into cadherin junctions [17]. Note that this
putative effect of the delocalised mutant E-APC on the
junctional integrity might weaken the junctional anchorage
of the Axin complex (see above). This would thus aggra-
vate further its own junctional delocalisation, and the cyto-
plasmic Armadillo would accumulate to yet higher levels.
The mild mutant phenotypes in E-APC mutant ovaries
could indeed be due to failure of adhesion between germ
cells. Adhesion mediated by E-cadherin and Armadillo is
critical for normal shaping and positioning of the nurse cells
and of the oocyte during oogenesis [30–32]. Furthermore,
oogenesis involves massive growth of the germ cells, and it
is thus reasonable to assume that the adhesive junctional
zones in the germ-cell membranes undergo considerable
remodelling during oogenesis. The association of E-APC
with these junctional membranes may therefore reflect a
function of E-APC in the process of junctional growth
and/or remodelling. Strong loss-of-function mutations of
E-APC are required to establish whether this is the case. 
Materials and methods
Fly stocks and plasmids
The following mutant strains were used: chic1320, chic221 [35];
dAPC2∆S [7]. All dAPC2∆S mutant flies were raised at 25°C. Note that,
after outcrossing the original dAPC2∆S mutant stock (kindly provided by
A. Bejsovec), rare viable offspring were obtained from parents homozy-
gous for the recombinant dAPC2∆S chromosome. 
Drug treatments and antibody staining of embryos
Embryos were collected for 0–5 h at 25°C, rinsed with Triton-salt buffer
(0.4% NaCl, 0.1% Triton X-100) and dechorionated with 50% bleach.
They were then washed thoroughly with Triton-salt buffer, rinsed twice
with 0.9% NaCl, and subsequently incubated typically for 30 min in 1 ml
octane + 1 ml 0.9% NaCl as well as the drug, as described [26]. The
following stock solutions of drugs and final concentrations, respectively,
were used: 1 mg/ml cytochalasin D (Sigma) in dimethyl sulfoxide
(DMSO), 10 µg/ml; 10 mM latrunculin A (Molecular Probes) in DMSO,
10 µM; 10 mg/ml colchicine (Sigma) in 95% ethanol, 20 µg/ml;
10 µg/ml LMB (kindly provided by M. Yoshida) in 95% ethanol,
80 ng/ml. Control embryos were incubated as described above using
solvent only. We also tried nocodazole, but this did not depolymerise
microtubules under the conditions used. Following drug treatment, the
supernatant was removed, and the embryos were rinsed twice with 1 ml
heptane. They were then fixed and devitellinised as described, using the
formaldehyde protocol [11]. For phalloidin staining, embryos were
devitellinised in ice-cold 80% ethanol. Embryos were left overnight at
4°C in methanol, or in 80% ethanol if appropriate, before antibody stain-
ing (according to [11]). Stained embryos were mounted in Fluoromount
G (Southern Biotechnology), and images were collected on a Biorad
MRC 1024 confocal microscope. The following primary antibodies were
used: rabbit anti-E-APC (1:10,000) [11]; mouse anti-Armadillo (1:25,
Developmental Studies Hybridoma Bank); mouse anti-α-tubulin (1:400,
Sigma T9026). The following secondary Alexa IgG antibodies (Molecu-
lar Probes) were used (1:200): 488 goat anti-rabbit, 594 goat anti-
mouse, 594 goat anti-rabbit, 488 goat anti-mouse. Alexa 594 phalloidin
was used (1:50) to visualise filamentous actin. 
Antibody stainings and colchicine treatment of ovaries
Ovaries were dissected in PBT (phosphate-buffered saline + 0.1%
Tween-20) and separated with tungsten needles. They were then fixed
for 20 min in 4% paraformaldehyde in PBT, washed 2 × 20 min in PBT
and blocked for 1 h in PBT10 (PBT + 10% BSA; Sigma A-7638).
Ovaries were incubated with primary antibodies in PBT1 (PBS + 1%
BSA) overnight on a roller, washed 3 × 10 min in PBT1, incubated with
secondary antibodies or with Alexa 594 phalloidin (1:25) diluted in
PBT0.1 (PBS + 0.1% BSA) for 4 h, washed 3 × 10 min in PBT, and
mounted in Vectashield mounting medium (Vector Laboratories Inc.).
To disrupt microtubules in egg chambers, female flies were starved for
6 h and subsequently fed for 16 h with 80 µg/ml colchicine (diluted
from stock solution, 10 mg/ml in 95% ethanol) in 1% sucrose. Control
flies were fed with the same solution without the drug. Ovaries were
dissected and stained as described; healthy-looking ovarioles were
selected for analysis. All operations and incubations were done at room
temperature. Images were collected as above.
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